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Chapter  1 

INTRODUCTION 

By  S.  S.  Prentiss  ' 


Tm:  activities  of  Section  11.1  have  been  con¬ 
cerned  primarily  with  such  means  for  generating 
ami  using  oxygen  as  would  he  of  interest  to  the 
military.  There  are  three  categories  into  which 
methods  for  generating  and  using  oxygen  may  he 
broken  down,  namely.  (  1  I  the  development  of  com¬ 
pact.  lightweight,  portable  units  for  separating  oxy¬ 
gen  from  air.  (2)  the  development  of  equipment  for 
supplving  oxygen  for  sjiecialized  uses,  such  as  air¬ 
craft  breathing,  ami  the  development  of  instruments 
for  testing  oxygen  intended  for  the  specialized  uses, 
(3)  the  generation  of  oxygen  aboard  submarines  for 
use  as  a  secondary  fuel  and  the  operation  of  internal 
combustion  engines  while  the  vessels  are  submerged. 

At  the  start  of  the  war  the  supply  of  oxygen  on 
foreign  battle  ironts  was  limited  to  that  which  could 
be  trans|H»rted  as  compressed  gas  in  steel  cylinders. 
It  was  believed  that  portable  generators  might  be 
developed  to  supply  oxygen  directly  for  a  number 
of  uses.  Some  manufacturers  had  already  developed 
portable  generators,  but  much  remained  to  be  clone 
to  reduce  the  weight  and  bulk  of  these  generators  and. 
at  the  same  time,  to  increase  the  efficiency  and  con¬ 
venience  of  operation  ot  such  units  at  advance  bases. 
Improvements  were  sought  in  methods  based  upon 
fractionation  of  air  ami  chemical  absorbents  for  at¬ 
mospheric  oxygen. 

Section  11.1  made  a  detailed  survey  of  liquid 
air  cvcles  and  equipment  for  the  separation  of  at¬ 
mospheric  oxygen,  and  decided  to  develop  several 
alternative  forms  of  apparatus  tor  generating  oxygen 
and  charging  cylinders  at  advance  bases.  I  he  choice 
of  the  cycles  and  the  direction  which  the  development 
took  was  dictated  by  (1)  exacted  military  ad  van 
tages  of  certain  types  of  apparatus,  and  (2>  availa¬ 
bility  of  equipment  or  successful  development  ol 
more  appropriate  machinery.  Since  it  was  difficult 
to  weigh  these  factors  in  advance  of  experimental 
work,  it  was  decided  to  build  several  units  embody 
ing  competing  ideas.  The  Linde  system  utilizing 
high-pressure  air  was  attractive  because  of  the  small 
size  and  simplicity  of  high  pressure  equipment.  I  .ow- 
pressure  svsteins  were  attractive  because  they  ottered 


a  means  for  eliminating  chemicals  for  air  cleanup, 
and  because  they  used  more  reliable  low-pressure 
compressors  which  might  also  prove  to  he  space 
saving. 

An  effort  was  made  to  develop  a  small  unit  that 
might  be  operated  directly  u]m»ii  large  aircraft  to 
give  a  supply  of  breathing  oxygen  to  the  crew,  and 
replace  thereby  the  cylinders  of  compressed  oxygen 
which  are  normally  carried.  Although  no  aircraft 
unit  was  develop'd  that  compared  favorably  with 
cvlinder  oxygen,  considerable  success  was  had  in 
developing  a  small  unit  for  ground  oj)eration  which 
was  extremely  compact  and  lightweight. 

A  unit  was  developed  lor  operation  with  air  com¬ 
pressor  equipment  available  on  submarines,  which 
might  be  operated  for  brief  periods,  while  the  sub¬ 
marine  i>  surfaced,  to  generate  a  supply  of  liquid  oxy¬ 
gen  subsequently  to  be  used  to  replenish  the  oxygen 
of  the  atmosphere  in  order  to  prolong  periods  of 
submergence.  Some  of  the  features  of  this  unit  made 
it  attractive  for  a  trailer-mounted  generator. 

Some  of  the  generators  previously  mentioned 
were  redesigned  to  permit  transportation  by  air  and 
operation  at  air  bases.  Still  others  were  redesigned 
for  operation  on  shipboard. 

A  requirement  of  the  Navy  for  a  fuel  oxygen 
on  submarines  led  to  the  development  of  a  unit  of 
extreme  compactness  for  the  generation  of  large 
quantities  of  liquid  oxygen  aboard  submarines.  Oxy¬ 
gen  was  to  be  generated  while  the  submarine  was 
surfaced,  and  used  as  a  secondary  fuel  in  internal 
combustion  engines  tor  submerged  ojieratious.  Two 
tvpes  of  units  were  developed  in  pilot-plant  size, 
each  producing  approximately  400  pounds  of  liquid 
oxygen  per  hour.  The  first  of  these  operated  with 
low-pressure  air.  giving  a  unit  which  could  ojH'rate 
with  the  most  compact  type  of  centrifugal  air  com¬ 
pressors.  A  second  unit  using  medium-pressure  air 
supply  was  ojierated  but  was  found  to  be  less  advan¬ 
tageous. 

Much  effort  was  devoted  to  detailed  study  of  types 
of  equipment  applicable  to  the  specialized  require¬ 
ments  of  the  different  units.  Air  compressors  and 
expansion  engines  normally  used  in  commercial 
plants  and  available  on  the  market  were  all  low- 
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MOBILE  LOW-PRESSURE  GASEOUS  OXYGEN  UNITS 


14 


LOW-PRESSURE  CYCLES  AND  UNITS 


dioxide,  water,  et  cetera,  will  Ik-  covered  in  later 
chapters.  Equipment  and  operating  details  of  the 
M-2  unit  are  available."1-" 


3,2  2  Kellogg  M-7  Gaseous  Oxygen  Plant 


A  cycle  was  laid  out  and  a  plant  built  based  on  the 
use  of  Collins  reversing  heat  exchangers  utilizing  air 
at  105  psia.”  I  he  plant  was  designed  ior  the  pro¬ 
duction  „f  l.(XX)  cfh  of  99.5+';  oxygen  under  ex¬ 
treme  temperature  and  humidity  conditions.  All  of 
the  equipment  was  to  Ik-  mounted  on  a  trailer  and  the 
only  supplies  were  to  Ik-  gasoline,  lubricating  oil.  and 
a  small  amount  of  water.  This  project  was  desig¬ 
nated  M-7.  and  held  that  notation  through  all  ex¬ 
perimental  work.  A  numlier  of  units  Eased  on  this 
cycle  were  built  for  the  Services  and  for  I.cnd- 
I .ease. 11  Complete  details  of  the  M-7  development 
appear  m  progress  and  final  reiH.rts;  they  are  sum¬ 
marized  elsewhere.""'  Details  pertaining  in  the  cycle 
are  o,  interest  liecause  the  cycle  has  proven  to  Ik-'iIic 
K-st  tor  military  production  of  gaseous  oxvgen.  and 
has  been  modified  ami  adapted  to  the  production  of 
liquid  oxygen  on  a  large  scale.  Also  a  high-caiiacity 
lightweight,  air-trans, x.rtable  model  of  the  cede  has 
Ih-cii  priK-ured  by  the  Air  Forres."'  ,\  gt.1K.ra,  ,k.. 
siription  o^  the  M-7  plant  ami  its  process  follows, 
of  <k!V,  • '  U,l,t  W3S  <,esiKnwl  *"  produce  l.tXKt  scfli 

•i  n.  ,5h  KaS‘‘,mr  .°X'VKe"  "",kr  the  extreme 

atmospheric  conditions  of  120  F  ambient  and  «X)F 

. « 

conditions,  such  8^70  at,,M,sl),,eric 

produced  1 .300  standard  cfh  of  99.45'Tiw\-g!I|,,tJjJJ 
no  increase  m  feed  air  capacity  If  ,i„.  K 

I1;;1  rngine  «p  to  d^r  is'/IZTT™ 

SS—- . 

The  refrigeration  required  by  the  unit  is  ...  r  . 

in  a  field  unit  A  sinide  •  S  ^  great  ,n,l>"rtance 

w  LT *■  •**" 

a  dry.  „o„-l„brica«cd  compress  Z  FV™* 


Air  Compression.  Atmospheric  air  is  filtered,  then 
compressed  in  a  two-stage.  high-s|x-ed.  air-cooled  re¬ 
ciprocating  compressor,  and  is  cooled  after  each  stage 
of  compression  directly  against  cooling  air.  any  con¬ 
densate  In-iiig  separated  out  after  each  stage.  The 
cooler  is  designed  to  cool  the  compressed  air  to  135  F 
when  the  ambient  air  is  at  120  F  with  00  F  dew 
point. 

In  the  second  stage.  I(X)  psi  air,  after  leaving  the 
entrainment  se)  si  rat  or,  (lows  through  a  s|K-cial  paper 
Idler  to  remove  any  entrained  oil  (down  to  1  micron 
drop  size i.  It  is  ini|K.rtant  to  remove  entrained  oil 
completely,  because  presence  of  oil  in  the  air  pre¬ 
vents  the  pro|K-r  purification  by  the  exchanger 
Air  Purification  an, I  Heat  Hxehau,,e.  The  com¬ 
pressed.  filtered  air  enters  the  |iaraHel  tul.es  of  a 
reversing  exchanger  (Collins  IuIk-s)  through  a  re¬ 
versing  valve.  Each  reversing  exchanger  tube  is  a 
three  annulus,  three-fluid  exchanger  in  which  the 
incoming  air  is  cooled  by  means  of  the  effluent  oxv¬ 
gen  product  and  waste  nitrogen.  The  two  channels 
"I  passages  which  carry  the  air  and  waste  nitnmm 
are  very  similar  in  size  ami  i„  flow  resistance,  but 
the  oxygen  annulus  is  much  smaller.  The  col, lest 

snrdl"  to  it*  tT,.K,,,K‘‘r  ">r‘e 

11.1II  tiiU-s  coiled  around  and  soldered  to  the  ex- 

‘l>-u.Ker  making  it  a  four-fluid  unit  at  this  ,K.i„,. 

the  •  i  T  ",,rugen  fl"ws  Co,,timiously  through 
«heM-  cods  winch  are  known  as  the  "nnl'alanee  flat" 

are  in  """i  ,  ‘VC  ‘‘xtended  surface  packing  and 
1  hough  oxygen  flows  continwmslv  through  its 

rr;*  °f  ,,k-  »«"* 

imin^ *°  'K‘  »-^ically 

..  U  pa.SSiljros  tn  t|K.  ot|ll.r  , 

exc^ier:‘ST^  ^  Vhe 

cooled,  first  .  .  .  -  e*  "*Kn  a,r  ,!i  l>eing 

are  precipitated  t>  1  tT*  car,M,n  d,’ox»de  snow 

fouled,  the  reversing  vi  "  seriously 

Ken  to  stream  through  the  Val,ses  tlu‘  "-‘stc  nitro- 
Though  the  wast.* .  tmpurity-laden  channel. 
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viuus  half-cycle.  1  lie  evaporated  impurities  are  then 
carried  out  of  the  system  by  the  waste  nitrogen,  and 
the  unit  can  therefore  ojK-rate  continuously  without 
chemical  purification  of  the  feed  air. 

The  water  impurities  deposit  at  the  warm  end  of 
the  exchanger,  where  the  normal  relationship  be¬ 
tween  pressure  and  tem|)crature  of  the  two  switching 
streams  is  satisfactory  for  projjer  evaporation  of  the 
water  ice.  The  cartoon  dioxide,  on  the  other  hand, 
precipitates  at  the  cold  end  of  the  exchanger  and  in 
this  region  normal  conditions  of  temperature  and 
pressure  do  not  suffice  to  insure  evaporation  of  the 
cartoon  dioxide.  A  fourth  heat  exchange  passage 
(called  the  unbalanced  flow  pass)  is  therefore  pro¬ 
vided  in  the  coldest  part  of  the  exchanger.  Part  of 
the  waste  nitrogen  flows  through  this  fourth  channel 
continuously  before  entering  either  one  of  the  two 
reversing  annuli  of  the  reversing  exchanger.  llv 
means  of  this  continuous  flow,  the  tem|oerature  re¬ 
lationships  are  sufficiently  changed  ami  controlled 
so  that  evaj Miration  of  carbon  dioxide  is  satisfactory 
for  prolonged  operation.7  "  This  fourth  passage  con- 
^ists  of  three  parallel  coils  of  small  tubing  wrapp'd 
around  the  coldest  portion  of  the  reversing  ex¬ 
changer. 

Kcfrit/cratioii.  The  purified  air.  after  being  cooled 
in  the  reversing  exchanger,  leaves  through  a  system 
of  check  valves  which  operate  in  respmse  to  the  re- 
versing  valve  at  the  warm  end  of  the  exchanger. 
Prom  the  check  valve  manifold  the  feed  air  flows  to 
a  high-pressure  surge  drum,  and  from  the  surge 
drum,  part  of  it  (  roughly  2.V,  )  flows  to  the  expander 
where  it  performs  external  work  and  generates  all 
the  refrigeration  required  by  the  plant.  The  ex¬ 
panded  air  flows  through  a  second  surge  drum  and 
then  to  the  tower  as  vapor  feed,  below  the  sixth  tray. 

The  remainder  of  the  air  from  the  high-pressure 
surge  drum  (about  75'#  )  flows  to  the  liquetier  ex¬ 
changer.  which  is  a  two-fluid,  steady  flow  exchanger, 
where  it  is  further  cooled  and  partially  condensed. 
This  portion  of  air  then  enters  the  condenser  in  the 
tower  reboiler  where  it  is  condensed  to  liquid.  It  is 
then  filtered  through  a  glass  cloth  filter  and  throttled 
into  the  tower  as  reflux  Inflow  the  first  tray  from  the 
top. 

I:ructiouatioH  System.  The  fractionation  tower  con¬ 
sists  of  a  single  column  fed  with  liquid  air  and  with 
expanded  air  (  vapor  feed).  A  single  column  requires 
considerably  less  height  than  a  double  column,  and 
low  lieigbt  lias  been  a  controlling  military  require¬ 
ment.  'Fbe  expander  discharge,  at  a  pressure  too  low 


to  be  condensed  in  the  reboiler  of  the  tower,  is  fed 
to  an  intermediate  point  of  the  column  as  vapor. 
Low-pressure  air  cannot  lie  condensed  in  the  re¬ 
boiler  nor  he  fractionated  hy  itself;  however,  the  in¬ 
troduction  of  the  vapor  feed  to  the  low-pressure 
tower  is  beneficial,  because  it  allows  a  greater  re¬ 
covery  of  oxygen  from  tbe  bigb-pressure  liquid  feed 
tlian  is  theoretically  possible  in  a  simple  single  col¬ 
umn  without  vap»r  feed.  Thus  tbe  advantage  of 
vapor  feed  is  that  single-column  performance  can 
be  surpassed,  and  double-column  jierformance  ap¬ 
proached  while  maintaining  tbe  simplicity  of  a  single 
liquid  expansion  valve. 

I  be  tower  has  a  dry  tray  at  the  top  as  an  entrain¬ 
ment  separator,  and  a  special  oxygen  draw-off  tube 
below  tbe  bottom  trav  to  minimize  entrainment  in  tbe 
oxygen  below  the  bottom  tray. 

Most  of  the  waste  nitrogen  overhead  flows  through 
the  liquetier  exchanger,  and  the  remainder  through 
the  fourth  channel  at  the  cold  end  of  the  reversing 
exchanger,  and  then  through  the  check  valves  into 
the  reversing  exchanger  and  out  of  the  reversing 
exchanger  through  the  reversing  valve  to  the  atmos¬ 
phere. 

The  oxygen,  after  leaving  the  tower,  flows  through 
the  reversing  exchanger.  hv-|>assing  the  liquetier. 
Since  oxygen  flows  continuously  through  its  annulus, 
which  is  not  contaminated  by  air,  water,  or  carbon 
dioxide,  tbe  oxygen  produced  is  pure  and  dry. 

().vyt/en  (  omf'rcssion.  Tbe  oxygen  from  tbe  re¬ 
versing  exchanger  flows  through  a  surge  drum  into 
the  oxygen  compressor,  which  is  a  four-stage,  dry. 
noii-lubricated,  water-cooled  reciprocating  machine. 
After  each  stage  of  compression  the  oxygen  is  filtered 
through  porous  stone  to  remove  carbon  dust  from  tbe 
rings,  and  is  then  cooled  by  an  air-cooled  beat  ex¬ 
changer  against  a  blast  of  cooling  air.  Tbe  com¬ 
pressed  oxygen  is  charged  to  cylinders  at  2.2(H)  psi 
as  final  product,  and  is  jierfectlv  dry  and  suitable  for 
aircraft  breathing  since  no  water  for  lubrication  of 
tbe  compressor  is  required. 

M isci'llancous.  'Fbe  energy  of  tbe  expander  is  ab¬ 
sorbed  by  means  of  a  built-in,  water-cooled  air  com¬ 
pressor.  This  water-cooling  duty  and  the  water¬ 
cooling  <luty  for  the  oxygen  compressor  are  effected 
directly  by  cooling  air.  Oil-cooling  for  the  engines 
and  compressors  is  supplied  by  air-cooled  units  built 
into  the  machines. 

A  supply  of  hot.  clean  air.  for  use  in  thawing  out 
the  plant  as  occasion  requires,  is  made  available  by 
the  air  heater  exchanger.  In  this  unit  air  which  has 
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horn  compressed,  cooled,  treed  of  entrainment,  and 
filtered  is  then  heated  hy  means  of  the  hot  air  dis¬ 
charged  from  the  second  stage  of  the  compressor. 

C  ontrol.  The  M-7  low-pressure  unit  has  live  proc¬ 
ess  control  valves.  The  expander  control  valve  l  A  1 
(  h igure  5)  is  located  on  the  brake  compressor  dis¬ 
charge  line,  and  is  manipulated  in  order  to  control 
the  expander  sp-ed  and  therefore  the  refrigeration 
balance  of  the  unit.  W  hen  the  liquid  level  tends  to 
drop,  this  (  \  -1  valve  must  he  op-ned  somewhat  in 
order  to  s|iecd  the  expander  and  hnild  hack  the  liouid 
level. 

I  he  reflux  valve  l  \  -2  throttles  liquid  air  into  the 
top  «,f  the  column,  and  is  used  to  control  the  head 
pressure  at  which  the  unit  operates.  This  is  p>Ssihle 
because  the  tower  is  e<|uip|»ed  with  a  forced-feed 
reboiler,  and  when  the  (  A  -2  reflux  valve  is  closed, 
liquid  builds  up  in  the  condenser  tubes.  The  con¬ 
sequent  partial  blanking  of  the  condensing  surface 
causes  the  head  pressure  to  rise  so  that  condensation 
may  proceed  on  the  smaller  surface. 

The  unbalance  control  valve  CA  -2  is  set  in  the 
waste  gas  line,  feeding  the  reversing  exchanger  at  a 
point  between  the  connections  to  the  fourth  or  “mi 
balance  flow  passage  at  the  cold  end  of  the  revers¬ 
ing  exchanger.  When  this  valve  is  closed,  part  of 
the  waste  gas  is  circulated  through  the  unbalance 
coil  and  m  this  manner  produces  a  reduction  in  tin* 
temperature  approach  between  the  two  reversing 
streams,  thus  improving  conditions  for  evaporation 
of  carbon  dioxide.  The  cold  end  approach  is  usuallv 
maintained  at  5  to  X  K,  and  this  C  A  -2  valve  must 
be  closed  sufficiently  to  accomplish  this. 

The  oxygen  draw-off  valve  CV-4  is  on  the  oxygen 


line  downstream  of  the  (warm)  reversing  valve,  ai 
is  used  to  control  the  purity  of  the  oxygen  indirect 
hy  controlling  the  total  quantity  of  oxygen  with¬ 
drawn.  For  maximum  production,  this  draw  <  n 
valve  is  op-ned  as  much  as  possible  without  incur¬ 
ring  a  loss  in  purity. 

The  liqtielier  hy-piss  valve  (  A  5  is  used  to  control 
the  reversing  exchanger  outlet  air  tenqierature.  As 
this  valve  is  op-ned.  colder  waste  gas  is  sent  to  the 
reversing  exchanger,  and  thus  its  outlet  temp-raturc- 
is  drop|K*d.  fhe  outlet  tenqierature  should  he  cold 
enough  so  that  the  hulk  of  the  carbon  dioxide  is 
trapi led  out  in  the  reversing  exchanger,  hut  at  the 
>ame  time  not  so  cold  as  to  produce  liquefaction  in 
the  expander. 

t  >f  these  live  control  valves,  the  reflux  valve  (  A  2 
i>  the  only  one  that  may  require  frequent  attention, 
and  this  is  probably  due  to  partial  plugs  caused  !»v 
residual  carbon  dioxide  in  the  stream,  'file  (A  1 
expander  control  valve  setting  needs  attention  in 
order  to  control  the  liquid  level  should  there  U*  a 
t  liauge  in  atmospheric  conditions.  1  he  remaining 
three  valves,  however,  require  no  attention  after  the 
unit  has  been  brought  to  a  steady  op-rating  condition 
and  the  settings  have  once  lieen  made.  This  is  re¬ 
flected  in  the  very  steady  op-ration  of  the  unit  and 
the  complete  absence  of  any  |>eriodic  variation  in 
pressures  or  temperatures  in  the  plant.  This  steadi¬ 
ness  of  op-rating  conditions  is  reflected  in  the  ease 
with  which  the  unit  can  he  op-rated  very  successfully 
1»\  personnel  with  no  process  or  engineering  back¬ 
ground  at  all. 

/  * //nriiiuiiiv  hat  a.  1  he  gaseous  oxygen  produc 
tion  of  the  unit  in  its  final  form  is  illustrated  in 
I  igures  (i  and  /.  I- igure  fi  shows  production  at  a 
,n,al  air  flow  of  12.nm  scfli  air.  which  was  used  in 
most  tests.  The  general  shap-  of  the  curve  is  drawn 
v'ith  some  consideration  for  measurements  taken  on 
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Figuke  8.  Model  LP-1  flow  diagram. 


MOBILE  LOW-PRESSURE 

tlu*  unit  liefore  all  the  filial  changes  were  made.  Fig¬ 
ure  7  shows  the  effect  of  increasing  the  total  air  feed 
to  the  unit.  The  tests  summarized  in  these  two  charts 
were  made  with  an  inlet  air  temperature  of  60  to 
SO  I*',  'flu*  following  tabulation  gives  the  results  of 
tests  made  with  feed  air  saturated  with  water  at 
135  F  ( equivalent  to  120  F  ambient  air). 

The  tests  on  the  M-7  unit  were  made  almost  ex¬ 
clusively  with  plant  air.  The  |x(rformance  of  an  in¬ 
tegrated  unit  can  he  derived  from  these  tests  on  the 
basis  of  the  specified  compressor  suction  volume  of 
13.2(H)  cth.  At  design  atmospheric  conditions  of 
120  I*  ambient  and  *X)  F,  the  mobile  compressor  of 
13.2(H)  cth  suction  volume  would  deliver  1 1.200 
standard  ((H)  I**.  30  in.  Ilg)  cfh  of  dry  air.  and  from 
Table  1  it  can  he  seen  that  l.(HH)  set'll  of  *8). 4'#  oxy¬ 
gen  were  produced  at  this  air  flow.  This  comes  cjuite 
dose  t«>  the  design  condition  of  l.(HM)  set'll  of  99.5 *# 
oxygen  at  120  F  ambient.  ‘X)  F  dew  point.  At  more 
normal  atmospheric  conditions,  such  as  have  been 
used  in  testing  the  hulk  of  the  units  developed  for 
the  Services,  the  compressor  delivery  would  rise  to 
some  13.(HHI  set'll  of  dry  air  from  which,  as  shown  in 
Figure  7.  the  M-7  unit  produced  1.3(H)  set’ll  of 
•)9.45##  oxygen  (or  1 .2* H I  set'll  of  **0.5'#  oxygen). 
If  the  compressor  could  he  speeded  up  to  deliver 
1  r*.(  M  H >  set'll,  the  cold  box  could  deliver  1.5(H)  set'll  of 
98.7'#  oxygen. 


Tam.k  1 


ItiU-t  ti  nip. 

Air  frrtl 

Hcfh 

I'riNltirtioii 
-cfh  < 

Purity 
f;  o, 

135 

lll.INN) 

840 

00.7 

135 

lo.5m 

l.INNI 

00 . 2 

135 

1  1 .1 H  H 1 

1.000 

00.4 

135 

11,300 

l.INNI 

00.2 

135 

l.’.oon 

l.INNI 

00.7 

138 

14.000 

1,180 

00.0 

It  is  of  interest  to  note  the  large  effect  of  extreme 
ambient  conditions  oil  production,  namely,  that 
though  M-7  should  he  classified  as  a  l.(HH)  set'll  unit 
for  extremely  hot,  humid  climates,  its  classification 
would  he  1.250  scfli  for  more  usual  atmospheric  con¬ 
ditions.  This  difference  in  capacity  is  due  to  air 
delivery  from  the  compressor,  and  is  not  due  to 
the  refrigeration  cycle  employed. 

'file  M-7  unit  was  also  run  to  make  liquid  oxygen. 
This  was  done  by  speeding  up  the  expander  to  3(H) 
to  350  rpm  and  allowing  the  liquid  level  to  build  up 
in  the  reboiler.  When  the  level  reached  12  to  13  in., 
liquid  was  drained  off  and  weighed.  The  liquid  pro- 
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duccd  in  this  manner  was  17  lb  per  hr  (equivalent 
to  2(H)  scfli  gas).  In  order  to  keep  the  purity  from 
becoming  too  high  some  5(H)  scfli  of  gaseous  oxygen 
were  also  withdrawn  while  liquid  oxygen  was  being 
made. 

Proimvtion  M( >i)i.i.  of  M-7  Unit 

A  flow  sheet  of  the  final  production  model  (desig¬ 
nated  Ll*-1  )  is  given  in  Figure  8.  The  LI*  units 
differed  only  slightly  from  the  M-7.  All  the  differ¬ 
ences  had  to  do  with  arrangement  of  equipment  to 
conform  to  service  desires  and  to  allow  maximum 
simplicity  for  production-line  assembly. 1:1  Figure  9 
is  a  picture  of  the  trailer  assembly  which  houses  the 
complete  oxygen  plant.  Figure  10  shows  the  plan 


Fna  hk  0.  C  lark  iiinhilt*  oxygen  grnrrating  unit,  Model 
1.1*1. 


view  of  the  arrangement  of  equipment  and  Figure  11 
shows  several  elevation  group  sections.  The  total 
weight  of  the  1.1*1  unit  complete  trailer  mounted  was 
22.(HH)  lh.  I  Mails  of  the  equipment  in  this  production 
ini  Kiel  are  summarized  as  follows. 

lintfinc.  Power  for  all  moving  equipment  is  sup¬ 
plied  by  a  Lycoming  6-cylinder,  air-cooled,  modified 
aircraft  engine  through  a  rugged  V-lielt  drive.  The 
engine  is  flexibly  coupled  to  a  shaft  hearing  the  main 
9-in.  diameter.  15-groove  sheave.  Hotli  ends  of  the 
shaft  are  supported  in  self-aligning  roller  hearings. 
Normal  operating  s|>eed  is  2.4(H)  rpm. 

Dri-Air  Compressor.  The  air  compressor  is  a  6- 
cylinder,  horizontally  opposed,  two-stage,  air-cooled 
machine  having  six  5j4-in.  bore  and  3^£-in.  stroke, 
single-acting  compressor  cylinders  (see  Chapter  5). 
This  machine  is  flexibly  coupled  to  a  shaft  and  sheave 
assembly  supported  at  both  ends  by  a  self-aligning 
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cals  for  air  dcan-up  or  drying.'1  ( >tlu*r  ir<|uirt‘inrnts 
were  that  the  plant  should  he  capable  of  o|M*rating  on 
shipboard  tinder  the  rocking  conditions  of  a  .ship. 
It  should  op-rate  for  short  continuous  p-riods  of 
N  to  10  hr.  after  which  it  would  stand  idle  for  14  to 
16  hr.  then  op-rate  again  for  another  N  hr  p-riod. 
and  so  on.  These  pirticular  requirements  for  inter¬ 
mittent  op-ration  were  later  modified  to  make  the 
op-ration  continuous  for  a  mimhrr  of  days  at  a  time. 

I  he  program  on  the  M-5  was  laid  out  with  intermit¬ 
tent  op-ration  as  the  goal  and  the  process  design  was 
made  accordingly.  A  parallel  development,  the  M-6. 
for  the  same  goal  lint  liased  ttpiti  f i4 M I  psj  air  pressure 


lilt-:  Kki.i.uui;  M-5  Kiiji.vkkatok  I’i.axt 

A  brief  description  of  the  original  M-5 
follows. 

l-igure  17  is  a  flow  sheet  showing  op-rat 
for  the  original  M-5  plant.*-"  Design  ws 
npm  air  having  a  maximum  dry-hulh  temp  i 
1IM»  I-  and  saturated  at  SO  F.  This  air  was 
of  dust  in  a  filter  and  compressed  by  a  t\ 
diesel-driven  reciprocating  air  compressor 
psia.  An  intercooler  and  aftercooler  were  dcs 
c.H.1  the  air  to  95  F.  with  sea  water  entered 
and  discharged  at  Kltl  |-‘. 

Air  from  the  aftercooler 
centrifugal  filter,  a 
through  a  pip-r  filter.  The 
all  condensed  water  ami  « 


was  pissed  through  a 
sintered  metal  filter  and  finally 
se  three  filters  removed 
*il  particles  from  the  air 
stream.  I’art  of  this  cleaned  air  i.-iliotit  75*.  )  was 
Used  to  supply  the  necessary  refrigeration  and  the 
remainder  was  liquefied  and  fractionated.  The  clean 
-an  passed  warm  and  switching  valves  and  went  to 
regenerators  where  it  was  cooled  to  -250  F.  All 
water  and  carlioii  dioxide  were  frozen  out  in  the  re¬ 
generators.  Four  regenerators  were  used,  arranged 
in  two  pairs.  The  high  pressure  air  was  switched 
iron,  one  to  the  other  of  each  pair  at  3-min  intervals. 

ie  switching  of  the  two  pairs  was  staggered.  The 
reversing  valves  mentioned  previously  were  con¬ 
trolled  hv  .an  interval  timer  which  utilized  a  pneu¬ 
matic  device  lor  activating  the  valves.  Check  valves 
were  provided  at  the  low  temp-rature  and  the  regen¬ 
erators.  Ity  this  arrangement,  air  passed  through  two 
"-generators  m  pirallel  giving  up  heat  to  the  packing 
winch  had  lieeu  cooled  previously  |,y  the  effluent 
waste  gas.  Impurities  in  the  air  (CO,.  11,0.  hydro- 
>.u  sms.  >  ti  .  i  were  deposited  in  the  regenerator  pack¬ 
ing  hut  were  not  completely  removed  by  sublimation 
am  evaporation  by  the  returned  gas  in  the  reverse 
p-riod  of  the  cycle. 

I  he  cold  air  leaving  the  regenerators  passed 

through  a  be . silica  gel  for  the  purp.se  of  equal./ 

mg  variations  in  temp-natures  of  the  cold  gas.  to 
remove  most  of  the  hydrocarlmus  and  solids  not  re- 
timed  m  the  regenerators,  and  to  provide  additional 
o  time  to  reduce  pressure  surges  which  occur  when 
u-  regenerators  were  switched.  During  the  start-up 
~  °  t,K‘  **  «as  used  ,!. 

e  .  'aSt  ,.raCes  "f  wa*er  fro,,,  ,|„-  air  to  pre 

uc/ihk  ||H.  passages  leading  to  the  exiianclci 
,  t'K‘  wIJtahaer.  the  main  air  stream  was  d. 

alt,  7s!  "  25>/‘  liqtielier  and 

‘  *  ",ls  sent  t«.  the  tiirlui-i-vt.-....lur  ti... 


""-on  "astound  that  it  would  Ik- mo 

to  operate  this  large  pilot  plant  on  the  M-7 
••ngmal  M-5  process  cycle  was  modified  an 
-M-5  plant  ,s  considerably  different  fro,,,  t 

"as  first  visualized. .  A  maximum  heigl 

mem  was  sp-oticd  at  14  ft.  This  require 
had  a  definite  Itearing  on  the  process  layout 
CO  typ-  cycle  was  required  rather’, I, a, 
column  m  order  to  meet  the  specification* 


Figure  17.  M.  W.  Kellogg  Co.  pilot  liquid  oxygen  unit  M-5,  400  Ib/hr,  mechanical  low-pressure  system,  process  flag  sheet. 
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liquefier  served  as  a  partial  condenser  for  the  air  to 
lie  processed.  I  he  air  {Kissing  through  the  turlxi- 
expander  drop|>ed  in  temperature  front  —230  F  to 
-.HIS  F.  This  temperature  drop  was  accompanied 
h>  it  pressure  drop  from  alxiut  90  to  alxiut  22  psia. 
I  he  energy  given  to  the  expander  during  the  expul¬ 
sion  of  the  gas  was  ahsorlied  through  a  set  of  gears 
hv  an  electric  generator.  In  the  pilot  plant  the  cur¬ 
rent  from  the  generator  was  ahsorlied  by  a  bank  of 
resisters.  A  cloth  filter  was  provided  beyond  the  ex¬ 
pander  outlet  to  filter  out  any  solid  carlxrn  dioxide 
which  might  have  lieen  precipitated  during  the  expan¬ 
sion.  Part  of  the  exploded  air  was  introduced  into 
the  fractionating  column  very  near  the  top  and  acted 
as  a  vapir  fetal.  The  remainder  of  the  expanded  air 
was  sent  to  the  liqueficr  and  then,  together  with 
effluent  from  the  tower,  was  sent  to  the  regenerators. 

That  part  of  the  air  stream  which  passed  through 
the  liipiefier  was  sent  to  the  tubular  reboiler  at  the 
liottom  of  the  fractionating  tower  where  it  was  com¬ 
pletely  li<|ueficd.  This  condensation  took  place  at 
about  —2X4  F  under  a  pressure  of  HO  psia.  The  con¬ 
densing  of  this  air  stream  provided  the  heat  to  relx.il 
the  li<|ttid  in  the  Ixittom  of  the  fractionating  tower. 
The  liquid  air  front  the  high-pressure  side  of  the 
rehoiler  pissed  through  a  filter  to  remove  any  solid 

. . lioxide  particles,  pissed  through  a  suhcixiler 

countercurrent  to  tower  overhead  and  was  cooled  to 
—2**7  K  Having  left  the  sulx'ixiler  it  pissed  through 
an  expulsion  valve  and  provided  the  li<|uid  reflux 
as  well  as  rich  feed  for  fractionation.  I.i<|uid  oxygen 
on  the  low-pressure  side  of  the  reboiler  was  with¬ 
drawn  as  product. 

Waste  gas.  rich  in  nitrogen,  was  taken  from  the 
top  of  the  tower  through  the  sulx.'ixiler  and  liipiefier 
and  hack  to  the  regenerators.  Figure  1H  shows  the 
diesel  and  compressor  for  the  M-5  unit  and  Figures 
19,  20.  and  21  are  pictures  of  the  cold  lx>x.  ( (pirating 
characteristics  of  the  M-5  regenerator  plant  are  given 
in  Table  3."  The  op-rating  record  of  the  M-5  plant 
with  the  regenerators  is  shown  in  Table  2.,:i,ir 

There  were  two  principil  difficulties  in  the  op-ra¬ 
tion  oi  the  M-5  unit  in  its  original  form  with  regen¬ 
erators.  ’I  lie  Stednian  fractionating  tower  proved  to 


was  necessary  at  intervals  of  from  6  to  12  hr.  Vari¬ 
ous  thawing  methods  were  tried,  hut  none  of  them 
|iermitted  uninterrupted  op-ration  of  the  plant  for 
long  p-riixls  of  time.  The  plant,  however,  did  meet 
original  requirements  regarding  intermittent  opera- 
tion  hut  by  the  time  the  M-5  plant  was  op-rating,  the 


l-'iiii  KK  IK.  I)ii-st-l  t-nicim-  anil  i-iini|iri-ssnr — inU-r-cixilvrs 
at  right,  M-5  unit. 


M-7  cycle  had  been  proven  satisfactory.  It  was  there¬ 
fore  felt  desirable  to  incor|M irate  the  reversing  heat 
exchanger  principle  in  the  M-5  plant  and  after  the 
runs  listed  in  Table  3,  the  plant  was  revani|>ed  to  in¬ 
stall  Collins  heat  exchangers.--  One  very  notable 
achievement  had  lieen  marked  during  these  first  runs 
of  the  M-5  plant,  namely,  the  very  successful  opera¬ 
tion  of  the  turbo-exjiander.  This  work  is  covered  in 
detail  in  C  hapter  5.  C  omplete  s|iecifications.  process 
calculations  and  ex|ierimental  results  for  the  M-5 
plant  are  found  in  other  reports.11"22 

Tin:  M-5  Hkat  Exchanger  Plant 


he  inadequate  and  difficult  to  operate  (see  later  chap¬ 
ter  on  fractionation).  The  jw»or  tower  |x*r  formal  ice 
resulted  in  low-purity  oxygen  although  such  produc¬ 
tion  did  not  interfere  with  the  rate  of  liquid  produc¬ 
tion  or  result  in  serious  changes  of  condition  in  other 
parts  of  the  plant.  It  was  found  that  regenerator 
plugging  was  quite  rapid  and  thawing  or  shutdown 


I  he  M-5  cycle  was  revised  primarily  to  change 
from  the  use  of  regenerators  to  the  reversing  heat 
exchangers.  In  addition  a  tray  column  was  designed 
esjK'cially  for  the  unit  (see  C  hapter  8)  and  a  number 
»»l  minor  changes  made  as  a  result  of  previous  oper¬ 
ating  exjierience.  For  the  most  part,  these  later 
changes  simplified  the  equipment  and  operation.  The 
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PURITY  %  OXYGEN 
PRESSURE  LBS /SO  IN.  GA 


TEMPERATURE,*? 
FLOW,  LBS  /MR 


LOW  LEVEL  EXPANDER 


mmm 


l-  n.i  uk  Jn.  Front  view  M -6  unit. 

Tin*  plant  to  operate  under  forking  conditions  of  plant  which  would  not  require  chemical  supplies  for 

(>  cycles  per  min  at  15  decrees  from  the  vertical  in  such  piirjMist*s.“*l,J4 

any  direction.  The  designed  process  flow  sheet  for  the  M-6  plant 

Total  s|iace  to  he  occupied  hy  the  plant,  including  is  shown  in  Figure  25. 
air  compressor.  to  he  15  x  17  x  15  ft  high.  This  The  process  was  designed  to  operate  as  follows: 

severe  space  limitation  practically  ruled  out  the  use  Air  at  KM)  F  saturated  at  SO  I*'  is  drawn  through  a 

of  chemicals  and  water  and  carls  hi  dioxide  removal  dust  filter  to  a  three  stage  diesel-driven  reciprocating 

and  in  am  event  it  was  highly  desirable  to  develop  a  compressor  and  discharged  at  (MM)  psia. 
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LARGE-CAPACITY  LIQUID  OXYGEN 


HIGH-PRESSURE  CYCLES  AND  UNITS 


I* itii'KK  J.  Keyes  S  1  .(MKl  unit  <335  ll»)  connected  t«»  Freon  forecooler  (1,000  ll>)  and  showing  cleanup  system 
•WHI  lit)  in  center  hackgmutul.  I.iipiid  ()»,  35  lb  per  hr,  98+  per  cent  purity. 


ARTHUR  D.  LITTLE-LATHAM  UNIT 
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HIGH-PRESSURE  CYCLES  AND  UNITS 


tlw  same  service.  Tlw  M  7  plant  was  <K  v<-l. >]m-.|  ami 
<>|>eratx-<l  siuvesstullv  Mime  time  hriore  tlie  M  I  plant 
was  rea.lv  to  rim.  The  low  .pressure  M  7  ex.lr  lia.l 
nianv  ail  vantages,  ami  alter  its  reliability  hail  heen 
prmeil.  work  was  't..p|>n|  on  the  M  I  plant.  The 
M-l  was  tiexer  run  as  a  «■  .inj.l.t,  unit  hut  the  ,,.|,| 
Ik.x  was  o|ierateil  xxith  the  use  of  |,iKh  press,,, e  ail 
from  statulanl  lunh-presstire  eompressor  ei|iiipineiit 
until  pressure  test  lailure  |  he  M  I  ex.lr  p  i 

mils  pr. Mltiet ion  . .i  ..xynm  .lei, xer.il  at  l„nh 

pressure  without  the  use  . .t  .  heim.als  t. air  cleanup. 
I’ ,s  a  ' "  w  "I  the  trailer  iiiomite.l  unit  s|,..w 
til};  the  eompressor.  engine,  ami  intereo..|er  eouii. 
tiient .  1 

I  he  follow  inn  <leseripti..n  ..i  essential  features  of 
the  unit  will  Ik-  useful  m  umlcistamlinn  it'  o|K-iati<.ii 
inr.illlHVtii.il  xxith  the  lloxv  sheet  of  l-ijiure  II. 

I  he  retriKeratii.il  rei|mre.|  f.„-  h.|,irfa.  th.ii  is  ^.-,1 
erate.1  l.x  hi^h  press,,,,.  I„,,lr  Thoms..,,  il,r..ttli„n 
expansion  enhanxcl  l.x  l  ie..,,  i..,cr..o|„in  accor.ltlin 
t»  the  lainihar  l.itule  cycle  with  iorec.H.hnn.  |,„il,- 
Ihonison  expansion  js  employe, I  in  si„nlr  stanx . 
ami  the  Kf  ater  thennoilx iiauiie  ellieienex  win,  I,  is 
obtainable  |>y  stepwise  expans,..,,  has  l«e„  s.-„„l„e.| 
in  lav«»r  i»i  > i ii if  i| ii  i t  \ . 

Water  is  re,m.xe,|  in the  air  l.x  eo,„|e„sati..„ 

where  poss.hle.  ami  l.x  aetixate.l  alumina,  .  . . 

moxiilc  ,s  remoxe.1  l.x  preeipuatio,,  ami  liltrat,..,, 
thus  makniK  the  unit  ,n. l,, «  U„t  ,|,e„mal  M,p 

plies,  at,  a.lvantane  of  very  nreat  xalne  f. nn.l.ile 
find  units. 

The  fraeti. .nation  system  eml».,|ies  n...  towers, 
wlneh.  emit  rare  to  conventional  installations  are  si.le 
hy  sale  ami  not  one  above  the  other.  Tl,. the 
eonventional  tower  arrannement  means  a  sinn.le, 
system,  the  M  |  sys„.,„  is  eapahle  comparable 
IK-rtormame.  ami  its  less,.,  he*!,,  „  a  .limy 

( in  it.r  a  inuliilc  unit. 

‘!T  A>«  i'  o.mpresse,|  in  a  1)i  ,, 

IH-e,  .  atr-eooleil.  t.-cylimler.  -Is, ay,-  air  . . press,., 

wlneh  ,s  xlrivx-n  l.x  a  similar  l,iKl,  I  ;iir 

Vv  ’nil *tt 'tii  "it  The  air  is 

*1,WIM|  M  ««  the  startinn  peri ....  ,„n 

the  pressure  ,lr„p,M-,|  ha,  k  to  St  hi  M  N »  pM 

“  A'f  f  earl.  compicssi..,, 

•  JM  the  ,  on, press,  , |  j,  ,  ,„,|,.,|  i„  an  .\e,..|i„  

'•  Means  are  pr..xi.le.l 

tax h  stan, •  ,.|  the  Aerohu  <i..ler  to  remove  . . . 

sate  tnnii  tlu*  n impressed  air. 

"  “l,  r  . . .  air  Icaviny  the 


after,.-, ler  is  then  eooleit  hy  the  liiKlt  level  : 
system  to  s,„„e  Jill-  Mow  r,.,„„  tr„,|Krati.  j„ 
oilier  to  , oi ii letise  water  fr,.„,  the  air  am!  ,|<e 

the  ilutx  for  the  alumina  line, s  smaller  |h, 

. I,r  ''rr  ••'k'ltfe  II  Ms  follow ci|  l.x  a  drip  . 

ami  then  l.x  an  ait  tiller,  t,  ,,, 
the  ,  omlctiscil  xx. iter  from  the  air. 

I  he  an  then  elite, s  the  aetixate.l  alumina  an  Iry- 

rl  '■  '•  1  1  «•'  'If.'ft'  ate  prox  II  lei  |  s,.  that  one  ;i,-,v 

he  ate.l  while  the  other  is  in  servire  ||lr 

•Ityeis  are  , ate.l  with  waste  nitrone,,  t|lt. 

I, |;""  '"atx-'l  to  5m  I-  l.x  means  ,|„-  ex¬ 

haust.  I  In-  exhaust  heater.  If  I.  can  l«-  l.x  p,ss,.,| 
so  that  ,  .-.I  waste  nitrone,,  max  Ik-  „se.|  p •  I  the 
xlrxers  after  nyem-rati..,,.  The  .lrver-  are  set  ,i|. 

a  I  hr  o|M-,ati„n  xycle;  2  hr  are  all..„e,l  f..r  ,|,xi„n. 

1  hi  t..r  nnxiieratinn.  ami  ..m-  for  cohny.  A  timer 

II, 1,1  . . .  xalxes  I, axe  1k-,„  | 

into  the  line,  . . that  the  .liyiny  o|K-r.-,t„.„ 

*'  ,"11'  . . an.  ami  le.jmres  n..  manual  ait.  iitf.tt 

Il,,lll  till’  i  »J N’l ;it< »r>. 

<  -"'III,.,  |  he  ilrieil  air  leax,„n  the  air  . lexers  i, 

then  •hxi.le.l  portions.  ,.f  win, I,  ,s',.«.|e,l 

anauist  the  oxynx  n  fr..,„  the  fraeti. . nation  „  stem 
while  the  other  ,s  ,oo|,.,|  anaili't  the  waste  tiitl ,«rn 
■‘"’l  oole, |  anauist  Freon  ir.„,i  the  l..w  level 

I*  I  «  "II  S\  wf|-|l| 

I  he  smaller  |-.,t,..„  ..f  ,|rx  an  enters  the  ,.xx-  e,i 
ii- .le, s  ,(  ».\  a,„I  (  l|{,  i„  whirl,  it  is  ,o,.|,-.| 

txr.n, remix  w„h  »x>ni-n.  The  two  exxl,a„ne,s  are 
aii.iunxil  t>.  nt'e  an  o|K-ratinn  air  teui|K-rattire  ..f 
1-1  I-  Mweru  the  tw..  exehannxTs.  This  is  ,|..„e 
l,l;"  ;i11  ,‘l  ,l“'  ‘ail.. >u  .lioxi.le  pmipttatioii  whi.li 
•hxiiis  on  e.-.lmn  is  xomentiateil  in  the  l  II!  ex- 
xhanner.  win, I,  has  strainht  siii.«.|1,  till.,- 

t  ii  an  pass.inx-.  in  or. ler  to  axoi.l  fouliun  the  la.it 
x'xehannx-r.  I  he  x  l  \  ex.l,a„ne,  has  to,.,,.  ,,s 

l-assanes.  ami.  tl,o„nh  it  ,s  a  more  eltieient.  o 
I  ix  I  x  xx  li.iunx , ,  it  is  more  s||sex-ptil.le  to  fotilinn  x\'i!: 
preeipitateil  earl,..,,  -lioxi.le.  Tl„  „f.„e  the  - 

"""  '  'channels  ,s  „se.|  in  ,„,le,  t..  nxt  a  ! 

unit,  when-  m.  preeipitatio,,  ,.f  earl...,,  .lioxi.le  :  . 

'-«•  exp, vie, I.  ami  a  unit  which  will  allow  preeipit..- 

'  ,  . .  I'a"  on  I.,  the  lilter  in  that  ih.ii 

"lixre  preeipitatii.n  oeeurs. 

'he  eol.l  an  xoiitaininn  earl,..,,  .lioxi.le  n”, 

',*  ,11"l,rr  i1""  1,;|' inn  the  oxxnen  eooler  t 
I  he  hulk  ,.|  the  air  leax  i„n  the  c .  I  air  .lexers  e„: 

"ix-  -  mtronen  pree. .. .|e, .  where  it  is  , oole, I  aya- 
waste  mtronen.  This  air  then  Hows  thr, tlie  . 
'•"‘‘oole,-.  where  it  js  eoole.l  |,v  low  1. 
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I'Kii  hk  12.  I nside  till-  compressor  trailer  of  the  M-l  unit.  I ntemniler  and  aftercooler  111  the  sheet  metal  duet  with  the 
compressor  just  beyond.  Lycoming  engine  in  right  Uickgroutul. 


C  'g  S  o  ' 


:  1 8iJ- 

Js  e  2  £ 

'  !j  s  - 


I  a  &  J  £3- 

£  5  <  -5  J-SiS 


„  3UI  4*s  Ji^s-sS 

■5  f-S  S  •M.osf  I  g|i|Sg 


fcwSE 

lllg 

W  X  Q  s 

i°o°4 

?*  -*  **  W 
hp  j 

*5 

o 

0,  J 


■SgS  lAli 


nun  U.»J1  \\ll  >[<{Vli'"l  •  HI  |  Iloll  >ll{>)\|  J,x  J.,  iH 


DO 


ms  w#t/n  ]MnssiM«  Q 

*M»*0  AHMAd  CD  I 

M4M  1*'9N3  d7  JL| 

n<3(  aoii  5*9  /  7  HOmMlJ  I 

4  unniMR)!  (  I  _ I  I  I 

err 


«3SS3«dN39  (I  J9?iS  CV2°L 


f  IIP 


<S3l*1d  »Z) 
«3»0l 

M0il«3i4U34« 


HO'iSJMdNOO  N  19**0  39*iS  C 


Q103INVW 
•.  OhvmO  N39AXO 

✓  s 


|  Q«  UH  I  ,  Id01*M*d3S 

o,:»r.jjH  P  O  MOunoOia  «3l** 

_ ss*d-Afl  _ *2212 _ 


HIGH-PRESSURE  CYCLES  AND  UNITS 


HIGH-PRESSURE  CYCLES  AND  UNITS 
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450-HORSEPOWER  AIR  COMPRESSOR 


COLLINS  RECIPROCATING  EXPANDER 
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CLARK-COLLINS  EXPANSION  ENGINES 
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OXYGEN  COMPRESSORS  AND  LIQUID  OXYGEN  PUMPS 


Cross-section  of  two-stage  3j4-inch  stroke  dry  oxygen  compressor 


OXYGEN  COMPRESSORS  AND  LIQUID  OXYGEN  PUMPS 


OXYGEN  COMPRESSORS  AND  LIQUID  OXYGEN  PUMPS 


100  OXYGEN  COMPRESSORS  AND  LIQUID  OXYGEN  PUMPS 


Fici'KK  10.  Details  of  experimental  carbon  rings. 
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TEMPERATURE  IN  DEGREES 
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LIQUID  AIR  FRACTIONATION 


LIQUID  AIR  FRACTIONATION  j  EXPERIMENTAL  PROGRAM 
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“TOWER  STEADY  AND  READY - -  Fir.r  he  37.  Details  of  compartmented  Airco)  tray. 
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LIQUID  AIR  FRACTIONATION _ _  I  _  TOWERS  DESIGNED  FOR  NDRC  UNITS 
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LIQUID  AIR  FRACTIONATION _ 1 _ DIFFERENTIAL  REBOILER 
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Figure  1.  Low-pressure  carbon  dioxide  scrubbing  tower. 
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The  process  of  generating  and  using  oxygen,  as  applied  to  military  procedure,  has  been  developed 
by  the  Chemical  Engineering  Division  (NDRC).  Three  categories  of  this  process  are  outlined,  i.  e., 
the  development  of  compact,  lightweight,  portable  units  for  separating  oxygen  from  air;  the  develop¬ 
ment  of  equipment  for  supplying  oxygen  for  specialized  uses,  such  as  aircraft  breathing,  and  of 
instruments  for  testing  the  oxygen  Intended  for  the  specialized  uses;  and  the  generation  of  oxygen 
ahoard  submarines  for  use  as  a  secondary  fuel;  and  the  operation  of  internal  combustion  engines 
while  the  vessels  are  submerged.  The  development  of  the  component  parts  of  several  alternative 
forms  of  apparatus  for  generating  oxygen  and  charging  cylinders  are  discussed  in  great  detail. 
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